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Abstract 
It has great importance to study on the characteristic temperatures for prediction and prevention of coal spontaneous 
combustion. Base on the temperature programmed experiment system and original index gases analysis, establish 
growth rate analysis to test index gases of CO and C2H4, CO/CO2 and alkane ratio so that to determine the 
characteristic temperatures of different metamorphism degree of coal, and compare it with index gases analysis. The 
results show that the extreme values of growth rate analysis are characteristic temperature points for coal 
spontaneous combustion, and different metamorphic coal has different extreme value. What’s more the growth rate 
analysis is more concise, effective to determine the points and reduce the uncertainty. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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1. Introduction 
China as a large coal-production country, there are many accidents generated from coal safety problems every 
year. Where, the fire hazard from coal spontaneous combustion is very serious[1]. Occurrence and development of 
coal spontaneous combustion is an extremely complicated dynamic physical and chemical change process, and the 
process of spontaneous occurrence of oxidation reaction trigger gradual heat accumulation and final combustion [2]. 
In research of the spontaneous combustion characteristics of coal for decades, various research institutes, colleges 
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and universities adopt different methods, and the purpose is to inhibit occurrence of fire hazard in the coal mine, and 
provide basis for prediction and forecast of fire hazards. It can be easily found through comprehensive analysis of 
spontaneous combustion of the coal mine that one of reasons for occurrence of fire hazards in the mines is 
insufficient or ignored test of the spontaneous combustion characteristics. One does not know the corresponding 
measure taken in the stage in case of any fire hazard. 
In order to research the discipline and characteristic parameters of coal spontaneous combustion, colleges and 
universities introduce the temperature-programmed tank to conduct temperature-programmed experiment to test the 
spontaneous combustion characteristics of coal. Through the test, the critical temperature, crack temperature and 
other characteristic temperature points of coal spontaneous combustion can be obtained through the effective 
spontaneous combustion research under the reaction or close-reaction conditions[3]. By these characteristic 
temperature points, the changes in the coal spontaneous combustion degree can be known. Therefore, it is 
significant to prevent fire hazard of the coal mine to determine the characteristic temperature of spontaneous 
combustion and inhibit acceleration of complex reaction of coal oxygen. There are multiple methods to measure the 
characteristic temperature point, and it is mainly based on the indicator gas analysis method. The indicator gas 
analysis method refers to select the gas which can reflect characteristic changes during the coal spontaneous 
combustion and oxidation process, to obtain the characteristic temperature point[4]. For this reason, selection of the 
indicator gas is crucial. In general, the following conditions shall be provided to select the indicator gas (1) 
detectability; (2) high sensitivity; (3) good discipline[4]. In concentration analysis of the indicator gas, the general 
method is to draw the change relation curve of the indicator gas concentration and temperature. In addition, Each 
colleges and universities adopt different methods to observe the the characteristic temperature: Beijing University of 
Science and Technology uses the relation curve of CO temperature rise rate and coal temperature and the relation of 
oxygen consumption rate and coal temperature to test the characteristic temperature point[5]; Anhui University of 
Technology establishes the oxygen concentration and temperature change curve, CO production rate, oxygen 
consumption rate and heat liberation intensity to determine the characteristic temperature[6]; Xi'an University of 
Science and Technology makes CO2/CO, alkane ratio and alkyl alkane to test the characteristic temperature on the 
basis of CO production rate, oxygen consumption rate and heat liberation intensity[7]; China University of Mining 
and Technology adopts its own adiabatic oxidation system to test the characteristic temperature[8]; Taiyuan 
University of Technology adopts the change relation of CO volume fraction and H2 and temperature to test the 
characteristic temperature[9] and so on. Furthermore, Deng Jun, Zhang Yanni and so on[10] of Xi'an University of 
Science and Technology also adopt oil bath temperature-programmed system to test the characteristic temperature of 
coal spontaneous combustion. According to these methods, one can judge the characteristic temperature point during 
the temperature rise process according to the curve change, and the oxidation characteristics during coal 
spontaneous combustion can be accurately reflected. However, the changes in the experiment data curve obtained 
after the experiment at the characteristic temperature point of some coal samples are not obvious, and it is difficult 
to obtain the accurate characteristic temperature to control the spontaneous combustion. In view of this, a kind of 
research in mathematical method of the characteristic temperature of coal spontaneous combustion, to provide a new 
method for characteristic temperature test in the future. 
2. Calculation method 
By the temperature-programmed experiment, one can obtain the concentration changes of various gases generated 
from coal oxidation with temperature rise. In general, the indicator gas analysis method used[11] refers to select the 
category from the generated gases as the indicator gas, and then make the relation curve with the temperature. On 
this basis, the indicator gas growth rate analysis is proposed in the paper to further optimize the calculation method, 
and more intuitively and directly obtain the characteristic temperature point. 
Artificial temperature rise control of the temperature rise box is required during the temperature-programmed 
experiment, the coal temperature rise is not uniform, so, the gas concentration measured with the gas analysis 
method cannot be accurate and uniform in each temperature section, the changes in the actual gas concentration 
measured in the temperature section with uniform rise with artificial control are uneven, and the characteristic 
temperature point obtained is also gained from experience. Moreover, the temperature value corresponding to the 
indicator gas concentration value is difficult to be found with the influence of air current, errors in the inspection 
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instrument, change in the sampling spot and other factors in the field production environment.  
Therefore, the following formula has been established 
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where, c is the gas concentration; t is the temperature; B is the gas concentration change rate for each temperature 
degree increased. 
Then the growth rate of the overall concentration relative to the change rate shall be calculated, i.e. 
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where, Z is the growth rate of gas concentration. It can be obtained from (1) and (2) 
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With the formula, one can research the concentration change corresponding to each temperature degree increased, 
and meanwhile analyze the coal sample oxidation degree and characteristic temperature point with temperature 
change. The method is called as the growth rate analysis method of the indicator gas. 
The example is as shown in the Fig. 1 (the relation between CO concentration and temperature of a main). 
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Fig. 1. The relation of CO concentration and growth rate with temperature of a main. 
By means of analyze the above figure, it can be obtained from the traditional indicator gas analysis method that 
there is an inflection point in the amount of CO gas generated at about 60ć during coal spontaneous combustion of 
the mine, and the amount of gas generated starts to rise. The point is the critical temperature point. The amount of 
gas generated significantly rises at about 100ć, the point is the crack temperature point, and the curve shape is of 
the parabolic form. It can be seen from the relation curve between the indicator gas growth rate analysis method and 
the temperature that the first extreme value appears at 60ć, indicating the first turning point of coal spontaneous 
combustion phenomenon appears, and the point is the critical temperature point. The second extreme value appears 
at 95ć, the reaction degree is more intense, and it enters the crack temperature stage of the characteristic 
temperature. At the critical temperature and crack temperature point, the amount of gas generated is sharply 
increased, and the combined action of coal oxidation is strengthened, causing increase in the change rate. After two 
points are passed, the amount of gas generated slightly falls and be steady. It is represented as peak value decrease in 
the curve diagram of growth rate analysis method. With temperature rise, it will also enter the next peak value point. 
Compared with the indicator gas analysis method, the extreme value of the figure and the corresponding temperature 
point can be directly and intuitively found through the growth rate analysis method. The temperature point is the 
characteristic temperature point, the value is clear, with no necessary of estimation. 
Through the temperature-programmed experiment, the indicator gas is selected to conduct concentration analysis 
and indicator gas growth rate analysis of indicator gas, CO2/CO and alkane ratio. The coal sample oxidation degree 
and characteristic temperature point obtained through two methods are compared. 
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3. Experimental device and conditions 
The experiment is conducted with the temperature-programmed experiment table[12] independently researched 
and developed by Xi'an University of Science and Technology, and non-caking coal of Fucheng, weakly caking coal 
of Shuiliandong, long-flame coal of Yuhua and gas-fat coal of Zhaolou are selected to conducted experiment. In the 
same experiment condition, the changes in the indicator gas, CO2/CO and alkane ratio of the coal samples of mixed 
particle sizes of various mine are researched with the indicator gas analysis method and growth rate analysis method, 
to obtain the characteristic temperature point. 
The temperature-programmed system is as shown in Fig. 2, mainly consisting of three parts of gas circuit part, 
test tube and temperature control part and gas collection and analysis. The furnace chamber dimensions of the 
temperature-programmed tank (temperature control box) are 50cm high, 40cm wide and 30cm long. 2m long copper 
pipe is wound in the box, to realize lag in the preheating period. The diameter of the test tube in the box is 9.5cm, 
25cm high. The coal loading capacity can be up to 1.1kg. The free space of about 2cm is reserved at the upper and 
lower ends of the test tube respectively, and 100-mesh copper wire mesh is adopted in the space to support the coal 
sample, to facilitate uniform ventilation [13]. 
 
        
Fig. 2. Experimental device of temperature-programmed systemǄ 
The fresh coal samples obtained from Fucheng, Shuiliandong, Yuhua and Zhaolou mines are taken as the coal for 
experiment. The 1100g mixed coal samples with the grain size of 0.9 to 10mm are screened through crashing. The 
airflow rate is 120mL/min, and the temperature rise speed is 0.3ć/min. Then the experiment shall be 
conducted in the temperature-programmed experiment box. The experimental conditions are as shown in Table 1. 
Table 1. Experimental conditions of coal sample heating in the temperature-programmed tank. 
Coal Samples  Particle Size 
/mm 
Weight/g Coal 
Hight/cm 
Average Particle 
Size/mm 
Volume/cm3 Capacity/cm3 
FuCheng 0.9—10 1100 16.2 4.18 1271.70  0.8650 
ShuiLiandong 0.9—10 1100 16.3 4.18 1271.10  0.8654 
YuHua 0.9—10 1100 16.0 4.18 1272.20 0.8646 
ZhaoLou 0.9—10 1100 16.0 4.18 1271.60 0.8651 
4. Analysis of experimental results 
All authors are required to complete the Procedia exclusive license transfer agreement before the article can be 
published, which they can do online. This transfer agreement enables Elsevier to protect the copyrighted material for 
the authors, but does not relinquish the authors’ proprietary rights. The copyright transfer covers the exclusive rights 
to reproduce and distribute the article, including reprints, photographic reproductions, microfilm or any other 
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reproductions of similar nature and translations. Authors are responsible for obtaining from the copyright holder, the 
permission to reproduce any figures for which copyright exists. 
4.1. Indicator gas 
According to the conditions of indicator gas selection, CO has obtained as the most sensitive indicator to inspect 
coal spontaneous combustion degree after analysis of experiment. However, CO gas component passes through the 
whole process of spontaneous combustion, the component adsorbed in the unoxidized coal exists, the inspection 
temperature scope is wide, and the indicator forecast range is large and imprecise. Therefore, C2H4 gas is also 
selected as the indicator gas. C2H4 gas of four coal samples is generated above 100ć, which is the product of 
oxidation process. Therefore, two gases of CO and C2H4 are selected as the indicator gases for four coal samples. 
The gas concentration and growth rate with temperature change figures are as shown in Fig. 3. 
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(a) Fucheng Mine                                                                       (b) Shuiliandong Mine  
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(c) Yuhua Mine                                                                               (d) Zhaolou Mine 
Fig. 3. The relation curve of CO concentrate on and growth rate with temperature change. 
C2H4 growth rate of each coal sample is calculated according to formula 1, and the growth rate and coal 
temperature relation curve is as shown in Fig. 4. 
It can be obtained by analysis of the indicator gas concentration and temperature relation curve figure CO gas 
concentration generated from the coal sample is increased with temperature rise. The higher the temperature is, the 
more rapid the concentration growth is; C2H4 gas appears when the coal temperature reaches 90 to 110ć. 
According to the indicator gas analysis method, the combined action of coal oxygen is strengthened in case of any 
inflection point in CO curve, and the amount of CO gas generated is increased, indicating that the characteristic 
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temperature is up to the critical temperature. Afterwards, the gas concentration rises sharply, and C2H4 gas is 
generated, indicating oxidation reaches the crack temperature. Compared with CO growth rate and temperature 
relation curve diagram, when oxidation reaches the critical temperature, the first peak value in the growth rate curve 
appears. When the crack temperature is reached, the second peak value appears in the growth rate curve, and the 
first peak value appears in the C2H4 growth rate. The characteristic temperature points of two curves realize good 
correspondence. Due to different coal sample quality, the peak values are different, and the characteristic 
temperature value obtained are different. The characteristic temperature points of various coal samples are as shown 
in Table 2. 
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(a) Fucheng Mine                                                                         (b) Shuiliandong Mine 
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(c) Yuhua Mine                                                                               (d) Zhaolou Mine 
Fig. 4. The relation curve of C2H4 concentration and growth rate with temperature change. 
Table 2. Characteristic temperature points of various coal samples. 
Coal Samples Critical Temperature Crack Temperature 
Fucheng 70–80ć 110–120ć 
Shuiliandong 70–80ć 115–125ć 
Yuhua 60–70ć 100–110ć 
Zhaolou 80–90ć 110–120ć 
 
Among the coal samples selected in the experiment, Fucheng, Shuiliandong and Yuhua coal samples are the low 
metamorphic coal sample, and the coal sample in Zhaolou is the metamorphic coal sample. It can be found from the 
table that the coal with higher deterioration degree is not easily oxidized. The oxidation sequence of four coal 
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samples is Yuhua > Fucheng > Shuiliandong > Zhaolou. 
4.2. CO/CO2 
In order to verify the correctness and feasibility of the characteristic temperature point obtained from the 
calculation method proposed in the paper, the CO/CO2 and alkane ratio of the gas generated are analyzed. The 
change relation between two ratios of CO/CO2 and alkane ratio and coal temperature is relatively definite and 
simple, which has good corresponding relation and change law, and can reflect the coal oxidation degree. These two 
ratios are the important basis to research the indicator gas concentration and temperature relation. In the field 
practice, CO/CO2 and alkane ratio can be used to eliminate influence of the air current on the gas concentration, and 
reduce the error; In the laboratory, as the same air rate, CO/CO2 and alkane ratio can still be used to analyze the 
characteristic temperature. 
The relation curve of CO/CO2 and coal temperature of each coal sample is as shown in the following figure. 
CO/CO2 value appears when the experiment is started, and is obviously increased with temperature rise. The ratio is 
rapidly increased after a certain temperature is reached, which indicates that the oxidation is more and more intense. 
The oxygen supply is insufficient, and the amount of CO generated is larger. Two inflection points in the figure are 
the points of oxidation degree aggravation, which are the critical temperature and crack temperature points. 
Fig. 5 is the relation curve diagram of CO/CO2 growth rate and temperature of each coal sample. 
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(a) Fucheng Mine                                                                          (b) Shuiliandong Mine 
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(c) Yuhua Mine                                                                                    (d) Zhaolou Mine  
Fig. 5. The relation curve of CO/CO2 and growth rate with temperature change. 
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It can be seen from the above four figures that there is an obvious corresponding relation between CO/CO2 
growth rate and temperature, and the hump-like double peak appears. The double peak is the characteristic 
temperature point of coal oxidation. The first peak value is the critical temperature point, and the second peak value 
is the crack temperature point. It completely matches the characteristic temperature point of the coal sample in the 
table obtained above. 
4.3. Alkane ratio C2H6/CH4 
There is the peak value or ratio sharply increases of alkane ratio during the oxidation process, which is the 
representation of intense of oxidation. It can be known from detection with the gas phase chromatography that CH4 
has been detected at the beginning of the experiment for four coal samples, C2H6 gas is also been detected at the 
beginning of the experiment for the coal sample of Yuhua mine, and C2H6 gas is detected after the reaction is 
conducted to a certain stage for Fucheng, Shuiliandong and Zhaolou coal samples. The peak value appears when the 
reaction reaches certain intensity for the coal samples of Yuhua, Fucheng and Shuiliandong, and the alkane ratio of 
coal sample of Zhaolou sharply rises with the temperature rise. 
Fig. 6 is the relation curve of the alkane ratio growth rate and coal temperature of each coal sample. 
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(a) Fucheng mine                                                                           (b) Shuiliandong mine 
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(c) Yuhua mine                                                                                            (d) Zhaolou mine 
Fig. 6. The relation curve of Alkane and growth rate with temperature change. 
It can be known from the above figure that there are three peak values in C2H6/CH4 growth rate curve of the coal 
sample of Shuiliandong, two peak values for other three coal samples. Three peaks temperatures of the coal sample 
of Shuiliandong are 80ć, 115ć and 150ć. The first two temperatures correspond to the critical temperature and 
crack temperature obtained above respectively, and the third temperature is the fission temperature in the 
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characteristic temperature of the coal spontaneous combustion. At this temperature, oxidation is more intense, the 
activity of the reactive group in the coal molecule is strengthened, and more groups participate in the oxidation 
reaction. The first peak value of the rest three coal samples corresponds to the crack temperature of the characteristic 
temperature, and the second peak value is the fission temperature of spontaneous combustion. Where, the critical 
temperature measured from the alkane ratio growth rate is well corresponding to the characteristic temperature 
obtained above, and the fission temperature reached during spontaneous combustion of four coal samples are 
obtained. The specific temperature point is as shown in Table 3. 
Table 3. Fission temperature of coal samples. 
Coal Samples Fucheng Shuiliandong Yuhua Zhaolou 
Fission Temperature 155ć 155ć 150ć 160ć 
5. Conclusions 
(1) The amount of CO and gas generated during the coal spontaneous combustion is increased with temperature 
rise, the increase in CO in the initial stage of reaction is slow, and it is rapidly increased after a certain temperature 
is reached. C2H4 will generally appear when a certain temperature is reached except for self-adsorption of some 
coals. 
(2) The gas concentration growth rate is calculated through the temperature-programmed experiment data, and it 
can be arrived that the characteristic temperature points obtained from the relation curve of the growth rate and coal 
temperature and the indicator gas analysis method are basically consistent, indicating the results of growth rate 
analysis are reliable. 
(3) The correctness of the method is verified by the conclusion obtained through analysis of the growth rate of 
CO/CO2 and alkane ratio, and the fission temperature point of the characteristic temperature can be obtained through 
growth rate analysis of the alkane ratio. 
(4) The characteristic temperature points of different coal samples are different, which is due to different coal 
metamorphic grades and different internal structures of coal molecule. It reflects difficulty degree of coal 
spontaneous combustion and oxidation. The higher the metamorphic grade is, the lower the oxidation degree is. 
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